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Introduction: The trend toward larger wind turbine has made the aeroelastic issues of the wind turbine blades more prominent. To investigate the effect of flexible deflection of hundred-meter-scale blades on wind turbine performance.
Methods: The present study taking the IEA-15 MW wind turbine as the research object, and the aeroelastic coupling characteristics of the wind turbine under yaw condition are analyzed using the lifting-line free vortex wake model and a geometrically exact beam theory model.
Results and Discussion: The results show that, the torsional deflection of the blades may cause the reduction of the angle of attack, leading to the decrease of the wind turbine loads. Furthermore, influenced by the additional velocity induced by blade flapwise deflection, the loads fluctuation of flexible blade is larger than those of rigid blade. As the yaw angle increases, the mean power of the wind turbine decreases, while the fluctuation amplitude increases. Besides, the mean value and fluctuation amplitude of the rotor tilt and yaw moments become larger, the angle of attack exhibits more significant fluctuation amplitude but reduced mean value, and the turbine wake contracts and skews more obviously.
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1 INTRODUCTION
Under the trend of size increasing of wind turbines, blades become slender, with the length of ultra-large wind turbine blades now exceeding 100 m. The flexible deflection of the blade has a non-negligible impact on the load characteristics of wind turbine. Besides, wind turbines usually operate under unsteady inflow conditions, such as atmospheric turbulence (Ramos-García et al., 2022; Dangi et al., 2025), wind shear (Zhang et al., 2022; Wang et al., 2024; Zhang et al., 2014), and yaw misalignment (Xiao et al., 2025; Leng et al., 2024), which can lead to complex aeroelastic coupling issues. A thorough analysis of the aeroelastic coupling behavior of wind turbine under complex operating conditions is of significant importance for optimizing design, extending fatigue life, and ensuring stable operation of the wind turbine.
Currently, the commonly used methods for predicting the aerodynamic performance of wind turbine primarily include the blade element momentum (BEM) theory method (Amoretti et al., 2023; Özkan and Genç, 2023; Ghandour et al., 2022), computational fluid dynamics (CFD) method (Ye et al., 2024; Duan et al., 2022; Fu et al., 2023), and vortex wake theory method (Corniglion et al., 2020; Rodriguez and Jaworski, 2019; Sebastian and Lackner, 2012; Xu et al., 2019). Among these, the BEM theory method is a quasi-steady approach and has limited predictive capability for the performance of wind turbine under unsteady operating conditions. While CFD method can provide relatively accurate predictions of the unsteady aerodynamic performance of wind turbines, it requires substantial computational resources. Vortex wake theory method, based on potential flow assumptions, can account for the realistic shape of the rotor wake and shows good applicability for unsteady conditions, achieving a favorable balance between computational accuracy and efficiency.
On the structural side, commonly used methods include the finite element method (FEM), multi-body dynamics method, and one-dimensional equivalent beam method. The finite element method offers high computational accuracy, but the blade modeling process is complex and requires significant computational resources. Multi-body dynamics method divides the blade into several virtually connected segments, requiring fewer degrees of freedom and offering higher computational efficiency compared to FEM. The equivalent beam method treats the wind turbine blade as a cantilever beam for modeling, providing high computational efficiency. When higher-order models are employed for blade modeling, the equivalent beam method can achieve computational accuracy comparable to that of FEM. As a result, mainstream wind turbine industry software often adopts this method for blade structural modeling.
By coupling different aerodynamic and structural models, researchers have developed various aeroelastic coupling programs and applied them to study the aeroelastic behavior of wind turbines. Larsen, (2004) highlighted that during wind turbine operation, blade bending reduces the effective swept area of the rotor, leading to a decrease in rotor power. Carrión et al. (2014) employed the CFD-MBD method to conduct aeroelastic simulations of the MEXICO rotor. Their results indicated that blade torsional stiffness influences torsional deflection, thereby affecting wind turbine performance. Conversely, Yu and Kwon, (2014), based on the CFD-FEM approach, conducted aeroelastic simulations of the NREL-5 MW blade and the results show that under aerodynamic loading, the blade undergoes torsional deflection in the nose-down direction, resulting in a significant reduction in aerodynamic loads. For floating platform conditions, Kim and Kwon, (2019) used a BEM model and a nonlinear Euler-Bernoulli beam model to investigate the aeroelastic response of the NREL-5 MW wind turbine under surge and pitch motions. Their findings revealed that blade loads and deflections exhibit periodic fluctuations under these conditions, and torsional deflection reduces blade loads. Similarly, Liu et al., (2019) applied the CFD-MBD model to study the aeroelastic coupling characteristics of a floating wind turbine under surge motion, reaching similar conclusions.
Although the aforementioned studies have identified the impact of blade elastic deflection on wind turbine performance, there remains a lack of in-depth analysis, particularly under complex inflow conditions where the aeroelastic coupling behavior of wind turbines becomes more intricate. The various influencing factors and their mechanisms require further investigation. Moreover, most existing aeroelastic studies focus on the NREL-5 MW wind turbine (with a blade length of 61.5 m), for which the influence of blade deflection is relatively limited compared to future mainstream 15 MW-class wind turbines (with blade length exceeding 100 m). Therefore, research on the aeroelastic coupling characteristics of 15 MW-class wind turbines holds greater relevance for the development of current large-scale wind turbines.
In light of this, this present study focuses on the IEA-15 MW wind turbine to investigate its aeroelastic coupling behavior under yaw conditions. Additionally, to improve the accuracy of predicting unsteady aerodynamic characteristics and nonlinear blade deflection, while accounting for the distortion of the rotor wake under yaw conditions, this study employs an aeroelastic coupling model based on vortex wake theory and geometrically exact beam theory to conduct the numerical simulation.
2 METHODOLOGY AND RESEARCH OBJECT
2.1 Aeroedynamic method
This study adopts the lifting-line free vortex wake (LL-FVW) model for aerodynamic analysis (Sebastian and Lackner, 2012; Shen et al., 2018; Shen et al., 2015). In the LL-FVW model, the blade is represented by a bound vortex filament positioned at the quarter-chord line relative to the blade’s leading edge. The bound vortex is discretized into multiple spanwise segments along the blade, with each segment shedding trailing vortices that extend downstream into the wake. The circulation distribution along the blade can be determined iteratively using Equation 1:
[image: image]
where, [image: image] represents the angle of attack; [image: image] denotes the lift coefficient; [image: image] and [image: image] are the normal vector and tangential vector at the control point, respectively; [image: image] is the area of the vortex segment; and [image: image] is the velocity vector at the control point, which can be calculated using Equation 2:
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where, [image: image] is the inflow wind velocity; [image: image] is the induced velocities from the free vortex filaments; [image: image] is the induced velocities from the blade bound vortexes; [image: image] is the structural vibration velocity.
Furthermore, as the wake of the rotor undergoes dynamic evolution under unsteady operating conditions, it is necessary to solve the vortex dynamics equation shown in Equation 3 to determine the shape of the rotor wake at different time steps:
[image: image]
where [image: image] represents the position vector of the wake control point; [image: image] denotes the rotor azimuth angle; [image: image] is the wake age; [image: image] is the rotational speed of the rotor; and [image: image] is the velocity vector at the wake control point.
The Beddoes-Leishman (B-L) based dynamic stall model is adopted to simulate the unsteady aerodynamics of the airfoil in the present study, and detailed introduction of the model can refer to Ref. (Leishman, 2002; Leishman and Beddoes, 1989).
2.2 Structural method
This study employs geometrically exact beam theory (Bauchau, 2011; Hodges, 2006; Hodges, 2009; Chen et al., 2019a; Chen et al., 2019b) to predict the blade structural deflections under yaw condition. Based on Hamilton’s principle, the governing equations of the beam are established. For the wind turbine blade, the relationship between stress and strain at each cross-section can be expressed as Equation 4:
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where, [image: image] and [image: image] represent the force and moment acting on the beam cross-section, respectively; [image: image] denotes the stiffness matrix of the cross-section; [image: image] and [image: image] represent the force strain and moment strain at the beam cross-section, respectively.
Therefore, the strain energy of the blade deflection can be expressed as Equation 5:
[image: image]
Therefore, the strain energy of the blade deflection can be expressed as Equation 6:
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where, [image: image] is the mass matrix of the cross-section; [image: image] is the velocity vector array; [image: image] is the mass of the cross-section; [image: image] represents the coordinates of the cross-sectional centroid; [image: image] is the translational velocity of the reference axis of the blade; [image: image] is the angular velocity of the reference cross-section; [image: image] denotes the skew-symmetric tensor operator for the array. Therefore, the kinetic energy of the blade deflection can be expressed as Equation 7:
[image: image]
Based on Hamilton’s principle, the governing equation for the wind turbine blade can be expressed as Equation 8:
[image: image]
where, [image: image] is the position vector of the blade node; [image: image] is the blade axis.
2.3 Research object
This study selects the IEA-15 MW wind turbine as the research object. The IEA-15 MW is an upwind, horizontal-axis wind turbine featuring a rotor diameter of 240 m, a hub height of 150 m, and blade length of 117 m. The turbine is mounted on a monopile foundation with a diameter of 10 m, suitable for a water depth of 30 m and a burial depth of 45 m below the seabed. The cut-in and cut-out wind speeds are 3 m/s and 25 m/s respectively, and the rated wind speed is 10.59 m/s. The rated rotational speed is 7.55 rpm, and the design tip-speed ratio is 9. Basic parameters of the IEA-15 MW wind turbine are listed in Table 1 (Gaertner et al., 2020). The spanwise distribution of the flapwise, edgewide, tortional and tension stiffness along the IEA-15 MW blade are shown in Figure 1.
TABLE 1 | Basic parameters of the IEA-15 MW wind turbine.
[image: Table 1][image: Figure 1]FIGURE 1 | Spanwise distribution of the stiffness along the blade. (a) Flapwis. (b) Edgewise. (c) Torsional. (d) Tension.
2.4 Model verification
In the present study, the lifting-line free vortex wake method is verified by comparing the power and thrust of the IEA-15 MW RWT under wind velocity from 3 m/s to 25 m/s calculated by the present method with the data provided in IEA-15 MW RWT technical report (Gaertner et al., 2020). The comparison results show that the results given by lifting-line free vortex wake method used in the present study is reliable (as shown in Figure 2).
[image: Figure 2]FIGURE 2 | Verification of the lifting-line free vortex wake method. (a) Power. (b) Thrust.
The geometrically exact beam theory method is verified by comparing the natural frequency of the IEA-15MW blade calculated through the present method with the results from other methods, the comparison data are given Table 2. The data in Table 2 indicates that the results given by geometrically exact beam theory method used in the present study is reliable.
TABLE 2 | Comparison of natural frequencies of the IEA-15 MW blade.
[image: Table 2]3 RESULTS AND DISCUSSION
3.1 Inflow characteristics of the wind turbine under yaw condition
Under practical operation conditions, wind turbines often operate under unsteady inflow conditions with continuously changing wind directions. Consequently, the rotor is frequently unable to align perfectly with the incoming wind, resulting in a yaw misalignment. The yaw condition refers to an operation state under which the rotational plane of the rotor forms an angle with the incoming wind direction, known as the yaw angle. As illustrated in Figure 3, θyaw represents the yaw angle, while [image: image] denotes the azimuth angle of the wind turbine. Under yaw condition, the inflow velocity at different blade section fluctuates periodically with revolution of the rotor due to the wind direction misalignment, and thus affect the load characteristics of the wind turbine. In the present the wind speed and rotational are set to 10.59 m/s and 7.55 rpm, respectively. Besides, the servo control is not activated in the present study as the present study focus on the aeroelastic performance under unsteady condition of the IEA-15 MW wind turbine.
[image: Figure 3]FIGURE 3 | Schematic of inflow to the wind turbine under yaw condition.
Under yaw condition, the normal inflow velocity does not vary with the azimuth angle. However, due to the yaw angle between the rotor plane and the inflow wind direction, the tangential inflow velocity fluctuates periodically with the rotation of the blade. Figure 4 illustrates the velocity triangle at the airfoil section under yaw condition. It is evident that the normal inflow velocity does not vary with the azimuth angle, whereas the tangential inflow velocity includes components related to the azimuth and yaw angles, exhibiting periodic harmonic fluctuations with the blade rotation. These fluctuations directly result in periodic changes in angle of attack experienced of the blade, and affect the loads response of the wind turbine.
[image: Figure 4]FIGURE 4 | Schematic of velocity triangle at blade section under yaw condition.
3.2 Basic load characteristics of wind turbine
The periodic fluctuation of inflow velocity has significant effects on the load characteristics of the blade and rotor. To highlight the impact of aeroelastic coupling effects of flexible blades on wind turbine performance under yaw condition, this section assumes that the wind turbine operates at a rated operation point without considering pitch control, and a yaw angle of 20° is selected for the study. Figure 5 presents the variation curves of rotor loads with azimuth angle under both steady inflow condition and yaw condition, including rotor power, thrust, and tilt and yaw moments, comparing cases with and without blade flexibility.
[image: Figure 5]FIGURE 5 | Characteristics of wind turbine load with azimuth angle under yaw condition. (a) Power. (b) Thrust. (c) Tilt moment. (d) Yaw moment.
As shown in Figures 5A, B, the periodic variation of tangential inflow velocity results in harmonic oscillations in wind turbine power and thrust with the azimuth angle. Under yaw condition, both the mean values and fluctuation amplitudes of the wind turbine’s power and thrust are lower than those under uniform inflow conditions. When considering blade flexibility, the torsional deflection of the blades reduces the effective angle of attack, further reducing the mean values of turbine power and thrust. Figures 5C, D show the variation curves of tilt and yaw moments with azimuth angle under yaw condition. It can be observed that both rigid-blade and flexible-blade rotors exhibit tilt and yaw moments. The mean tilt moment is positive, while the mean yaw moment is negative. Furthermore, the absolute mean values of the tilt and yaw moments for the flexible-blade rotor are greater than those for the rigid-blade rotor.
The fluctuation of rotor loads is closely related to the periodic loads experienced by the blades under yaw condition. Figures 6A, B illustrate the variation characteristics of normal and tangential forces with the azimuth angle for rigid and flexible blades under yaw condition. It can be observed that, within the azimuth angle range of 0°–180°, the mean normal force on each blade section is lower than that in the 180°–360° range, resulting in a yaw moment for both rigid and flexible blade rotors. Due to the further intensification of load distribution non-uniformity in flexible blades, the difference in mean thrust between the two azimuth angle ranges (0°–180° and 180°–360°) increases significantly, leading to a higher yaw moment for flexible blade.
[image: Figure 6]FIGURE 6 | Characteristics of force variation at different blade sections under yaw condition. (a) Normal force-periodic. (b) Tangential force-periodic. (c) Normal force-spanwise. (d) Tangential force-spanwise.
Figures 6C, D show the spanwise distribution of normal and tangential forces for rigid and flexible blades under yaw condition. It is observed that, compared to rigid blade, the mean loads of flexible blades are reduced, particularly near the blade tip region, where this phenomenon becomes more pronounced. Besides, the fluctuation amplitude of loads on flexible blade is significantly higher than that of rigid blade under yaw condition.
The angle of attack is a key factor determining the aerodynamic load distribution along the spanwise sections of the blade. Figure 7 presents the variation curves and spanwise distribution of the angle of attack with azimuth angle for rigid and flexible blades. As shown in Figure 7A, the angle of attack for both rigid and flexible blades exhibits similar harmonic oscillations with azimuth angle. At an azimuth angle of 0°, the angle of attack is noticeably higher than at 180°, which is due to the distribution of tangential inflow velocity at the blade sections under yaw condition. As analyzed previously (Figure 4), the tangential inflow velocity at 180° is higher than at 0°, leading to a lower angle of attack at 180° compared to 0°. Additionally, in the azimuth angle range from 270° to 360°, the mean angle of attack for both rigid and flexible blades is higher. As the spanwise position increases, the difference in angle of attack between the rigid and flexible blades gradually increases, with the angle of attack of the flexible blade showing a decreasing trend. From Figure 7B, it can be observed that, starting at 40% of the blade span, the mean angle of attack for the flexible blade is lower than that for the rigid blade, and it further decreases with increasing spanwise position. However, the fluctuation amplitude of the angle of attack for the flexible blade is higher than that of the rigid blade. The phenomenon of increased load fluctuation in flexible blades will be further analyzed in subsequent sections.
[image: Figure 7]FIGURE 7 | Characteristics of blade angle of attack at different sections under yaw condition. (a) Periodic. (b) Spanwise.
As previously analyzed, the tangential induced velocity is smaller than the normal induced velocity and has a negligible effect on the angle of attack when combined with the rotational linear velocity of the rotor, thus it can be ignored. Therefore, the focus is placed on analyzing the influence of the normal induced velocity. Figure 8 presents a spanwise distribution contour map of the blade normal induced velocity. It can be observed that, under yaw condition, the normal induced velocity on the right half-plane of the rotor for both rigid and flexible blades is generally higher, particularly in the spanwise region from 80% to 100% of the blade span. Moreover, the normal induced velocity at 90° azimuth is significantly greater than at 270°, and if only the variation in normal induced velocity is considered, the angle of attack at 90° azimuth is lower than at 270°, which is consistent with the angle of attack distribution results shown in Figure 7.
[image: Figure 8]FIGURE 8 | Contour of blade normal induction velocity with azimuth angle under yaw condition. (a) Rigid. (b) Flexible.
Figure 9 presents a top-down view of the wake profile of the rotor under yaw condition. From the figure, it can be seen that there are differences between the rigid and flexible blades in terms of wake structure and propagation characteristics. The wake structure of the rigid blade is more compact and regular, with smaller wake spacing, and shorter propagation distances. In contrast, the wake structure of the flexible blade is relatively sparse, with the wake diffusing more rapidly during propagation and larger wake spacing. Notably, at 90° azimuth, the blade is able to penetrate more deeply into the wake region, resulting in a stronger induction effect. As a result, the normal induced velocity at 90° azimuth is larger than that at 270° azimuth.
[image: Figure 9]FIGURE 9 | Wake profile of the wind rotor under yaw condition (top view). (a) Rigid. (b) Flexible.
3.3 Blade deflection characteristics and its effect
When a wind turbine operates under yaw inflow condition, the blade will experience load fluctuations that differ from those in steady inflow, leading to blade deflection. The deformed blades, in turn, further influence the turbine’s load performance. During operation, the blades undergo deflection in three directions, namely, flapwise, edgewise, and torsional directions in Figure 10. Flapwise deflection refers to the bending of the blade perpendicular to the rotor plane, with its positive direction pointing downstream of the turbine. Edgewise deflection is bending within the rotor plane, with the positive direction pointing towards the trailing edge of the airfoil. Torsional deflection represents the twisting of the blade around its elastic axis, with its positive direction causing the airfoil section to rotate toward the stall direction. The additional velocities induced by the blade’s flapwise and edgewise deflections may influence the inflow velocity experienced by the blade, leading to changes in the angle of attack and affecting the turbine’s aerodynamic performance. At the same time, torsional deflection directly modifies the angle of attack, further influencing the turbine’s overall performance.
[image: Figure 10]FIGURE 10 | Illustration of the blade flapwise bending, edgewise bending and twist deflections.
Figure 11 presents the deflection contour maps of the blade, including flapwise, edgewise, and torsional deflections. It can be observed that flapwise deflection is primarily concentrated in the blade tip region, approximately between 70% and 100% of the span. The flapwise deflection is most significant at the blade tip, reaching about 15 m. Under the influence of yaw condition, flapwise deflection is more pronounced in the left half-plane of the rotor. The edgewise deflection is relatively small, exhibiting larger negative values in the azimuth range of 60°–120°. This is mainly due to the combined effect of gravity and tangential forces acting in the same direction, leading to higher edgewise deflection in this region. Additionally, the edgewise deflection shows an asymmetric distribution across the upper and lower parts of the rotor plane. Torsional deflection is concentrated in the middle to tip regions of the blade (r/R = 0.5–1.0), with a maximum twist angle of about 4°. The overall distribution of torsional deflection is roughly symmetrical in the azimuth range of 120°–300°, with larger torsional deflection observed in the left half-plane of the rotor.
[image: Figure 11]FIGURE 11 | Contour of blade deflection with azimuth angle under yaw condition. (a) Flapwise. (b) Edgewise. (c) Tortional.
From the above analysis, it can be observed that due to the influence of blade flexibility, the blade experiences load reduction. Under the influence of aerodynamic loads, flexible blades undergo torsional deflection in the direction of reduced angle of attack, which lowers the effective angle of attack and impacts the overall load on the wind turbine. Figures 12A, B show the distribution of the angle of attack with spanwise position for rigid and flexible blades at 0° and 180° azimuth angles, as well as the spanwise distribution of torsional deflection for the flexible blade. It can be observed that as the spanwise position increases, the torsional deflection of the flexible blade increases. At the same spanwise positions, the angle of attack for the flexible blade is always smaller than that for the rigid blade. This is because, after being subjected to aerodynamic loads, the flexible blade twists in the nose-down direction, which reduces the effective angle of attack and consequently decreases the aerodynamic load on the blade. Therefore, the mean load on the flexible blade is lower than that on the rigid blade.
[image: Figure 12]FIGURE 12 | Characteristics of blade angle of attack and twisting deflection under yaw condition. (a) Spanwise-Azimuth 0°. (b) Spanwise-Azimuth 180°. (c) Periodic.
Near the blade tip, the effect of torsional deflection on the reduction of the effective angle of attack is more pronounced, with the maximum difference in angle of attack between the rigid and flexible blades reaching 2.5° and 3.55° at the blade tip for 0° and 180° azimuth angles, respectively. It is important to note that at 0° and 180° azimuth angles, the torsional deflection across the blade sections is similar, but there is a significant difference in the angle of attack at the blade tip between the rigid and flexible blades. This suggests that, in addition to the direct effect of torsional deflection on the angle of attack, the additional velocities due to flapwise and edgewise deflections also have a significant impact on the angle of attack. Figure 12C presents the variation curves of the angle of attack and torsional deflection with azimuth angle, where the solid line represents the angle of attack and the dashed line represents the absolute value of the torsional deflection. It can be observed that as the spanwise position increases, the angle of attack gradually decreases, while torsional deflection gradually increases. Near the blade tip, the torsional deflection can reach 3°–3.5°, which significantly impacts the angle of attack. Moreover, as the torsional deflection gradually increases, the angle of attack shows a significant decreasing trend, with more pronounced characteristics at the 120° azimuth angle. Conversely, when the torsional deflection gradually decreases, the angle of attack increases, with notable characteristics at the 330° azimuth angle. Thus, the downward torsional deflection of flexible blades reduces the angle of attack, and the periodic fluctuations in torsional deflection further amplify the oscillation amplitude of the angle of attack to some extent. However, compared to torsional deflection, the angle of attack exhibits more pronounced fluctuations with respect to the azimuth angle. This is because the additional velocity also causes variations in the angle of attack, exerting a more significant influence.
The flapwise and edgewise deflections of the blade introduce additional velocities in the normal and tangential directions. These velocities alter the velocity triangle at the blade sections, thus affecting the temporal fluctuations of the angle of attack. Based on the previous analysis, although torsional deflection can significantly reduce the effective angle of attack, its fluctuation amplitude is relatively small, and therefore, it is not the main factor influencing the angle of attack fluctuations of the flexible blade. Furthermore, the fluctuation of normal induced velocity in flexible blades is smaller than that in rigid blades. As a result, it is necessary to focus on the effect of additional velocities on the angle of attack fluctuations for flexible blades.
Figure 13 presents the variation curves of flapwise and edgewise velocities with azimuth angle. Under yaw condition, both flapwise and edgewise velocities exhibit clear periodic fluctuations, with the fluctuation amplitude increasing as the spanwise position of the blade increases. At the spanwise positions of 43% and 57%, the fluctuation amplitude of flapwise velocity is relatively small, while in the blade tip region (r/R = 0.93), the fluctuation amplitude increases significantly due to the more pronounced aerodynamic loading effects on the tip. The fluctuation amplitude of edgewise velocity is generally small, with smoother variations in the root and mid-span regions. However, the fluctuation amplitude in the blade tip region is notably larger.
[image: Figure 13]FIGURE 13 | Characteristics of coupling velocity with azimuth angle at different sections under yaw condition. (a) Flapwise velocity. (b) Edgewise velocity.
To further compare the impact of flapwise and edgewise velocities on the amplitude of the angle of attack fluctuations, Figure 14 presents a comparison of the velocity triangle for the blade sections of rigid and flexible blades. On the right, the variation curve of the tangential inflow velocity (i.e., the sum of tangential wind speed and edgewise velocity) with azimuth angle is shown. The results indicate that for the flexible blade, the tangential inflow velocity, resulting from the combination of tangential wind speed and edgewise velocity, is lower than that of the rigid blade, with a reduced fluctuation amplitude. This reduction in fluctuation amplitude is more pronounced in the blade tip region. This suggests that the periodic fluctuations of edgewise velocity reduce the amplitude of the angle of attack fluctuations, rather than increasing it.
[image: Figure 14]FIGURE 14 | Comparison of velocity triangles for rigid and flexible blades under yaw condition.
However, flapwise velocity increases the fluctuation amplitude of the normal inflow velocity. At 0° azimuth, the flapwise velocity aligns with the normal inflow velocity, causing the angle of attack to increase. At 180° azimuth, the flapwise velocity opposes the normal inflow velocity, causing the angle of attack to decrease. Additionally, under yaw condition, the angle of attack at 0° azimuth is greater than that at 180° azimuth, and the effect of flapwise velocity further exacerbates the difference in the angle of attack between these two azimuth angles. This leads to a significant increase in the amplitude of the angle of attack fluctuations for the flexible blade. Therefore, flapwise velocity is the primary factor responsible for the larger fluctuation amplitude of the aerodynamic load and angle of attack in the flexible blade compared to the rigid blade.
3.4 Effect of yaw angles
To further investigate the impact of yaw condition and the aeroelastic effects of flexible blades on the load characteristics of a 15 MW wind turbine, this section conducts a comparative analysis at different yaw angles, namely, 10°, 20°, 30°, and 40°. Figure 15 presents the bar chart of the mean amplitude of the wind turbine loads at different yaw angles, including power, thrust, and tilt and yaw moments. As shown in Figures 15A, B, it can be observed that as the yaw angle increases, the mean power of the wind turbine gradually decreases, and the fluctuation amplitude significantly increases. This is due to the fact that as the angle between the wind turbine’s rotating plane and the inflow direction increases, the normal inflow velocity gradually decreases, while the fluctuation amplitude of the tangential inflow velocity continues to increase. This leads to a reduction in the mean relative speed and angle of attack, but an increase in their fluctuation amplitudes. The trend of the mean thrust variation is similar to that of power, showing a decreasing trend. However, the fluctuation amplitude of thrust is relatively smaller than its mean value, and its effect is limited, which can essentially be ignored. Figures 15C, D show that as the yaw angle increases, both the mean and fluctuation amplitudes of the tilt and yaw moments consistently increase. This is mainly because the increasing yaw angle exacerbates the asymmetry of the load distribution between the upper and lower planes, as well as between the left and right planes of the wind turbine.
[image: Figure 15]FIGURE 15 | Bar chart of the mean value and amplitude of wind turbine loads at different yaw angles. (a) Power. (b) Thrust. (c) Tilt moment. (d) Yaw moment.
The aerodynamic loads at different yaw angles affect the force characteristics of the blades, which in turn leads to different deflection characteristics. Figure 16 presents the distribution of the deflection amplitude along the spanwise direction of the blade at various yaw angles. It can be observed that as the yaw angle increases, the mean flapwise deflection decreases continuously, while the fluctuation amplitude gradually increases. Notably, at yaw angles of 30° and 40°, the mean flapwise deflection significantly decreases. This indicates that as the yaw angle increases, the mean aerodynamic load on the blade decreases, but the fluctuation amplitude of the load intensifies. Additionally, the mean and fluctuation amplitude of the edgewise deflection decrease as the yaw angle increases. The blade’s torsional deflection, on the other hand, exhibits similar mean values across different yaw angles but shows a gradual increase in fluctuation amplitude as the yaw angle increases.
[image: Figure 16]FIGURE 16 | Spanwise amplitude fluctuation of blade deflection at different yaw angles. (a) Flapwise. (b) Edgewise. (c) Tortional.
In the previous analysis, it was found that under yaw condition, the fluctuation amplitude of the angle of attack for flexible blades is larger than for rigid blades, primarily due to the significant periodic fluctuation of the flapwise velocity. To further explore the load characteristics at different yaw angles, Figure 17 shows the spanwise distribution of the blade’s angle of attack and flapwise velocity amplitudes. From Figure 17A, it can be observed that as the yaw angle increases, the mean angle of attack for flexible blades gradually decreases, while the fluctuation amplitude significantly increases. This is because as the yaw angle increases, the normal inflow velocity decreases, leading to a reduction in the angle of attack, while the fluctuation amplitude of the tangential inflow velocity increases, which also exacerbates the fluctuation of the angle of attack. From Figure 17B, it can be observed that the mean flapwise velocity changes little with increasing yaw angle, but its fluctuation amplitude increases significantly. Combining this with the analysis in the previous section, it can be concluded that the increase in flapwise velocity fluctuation amplitude further exacerbates the fluctuation of the angle of attack. Therefore, as the yaw angle increases, the mean angle of attack decreases but its fluctuation amplitude significantly increases, which leads to a reduction in the blade load and wind turbine power mean values, while increasing their fluctuation amplitudes.
[image: Figure 17]FIGURE 17 | Spanwise amplitude fluctuation of angle of attack and flapping velocity at different yaw angles. (a) Angle of attack. (b) Flapwise velocity.
The inflow environment at different yaw angles affects the shape and evolution characteristics of the wind turbine wake. Figure 18 shows the top view of the wake profile at various yaw angles. As the yaw angle gradually increases, it can be observed that the wake shifts toward the right half-plane of the wind turbine, and the wake structure distorts and changes accordingly. Additionally, as the yaw angle increases, the mean wind turbine load decreases, and the wake profile contracts. At a yaw angle of 10°, the wake structure is relatively regular, and the wake distribution forms a uniform spiral shape, with minimal offset. As the yaw angle increases to 20°, the degree of wake offset increases, and the wake begins to shift more clearly to one side, resulting in a certain amount of distortion in its structure. When the yaw angle further increases to 30° and 40°, the offset phenomenon becomes more pronounced, and the wake structure shows distorted and turbulent characteristics. The distance between wake vortices gradually shortens, and the wake as a whole becomes more compact.
[image: Figure 18]FIGURE 18 | Wake profile of the wind turbine at different yaw angles (top view). (a) 10°. (b) 20°. (c) 30°. (d) 40°.
4 CONCLUSION
The present study focuses on the IEA-15 MW wind turbine and investigates the unsteady aeroelastic coupling characteristics under yaw condition based on lifting-line free vortex wake method and geometrically exact beam theory. The following conclusions are obtained.
1) Under yaw condition, the load responses of the wind turbine exhibit obvious fluctuation The mean power and thrust of the flexible-blade wind turbine are lower than those of the rigid-blade wind turbine, while the absolute values of the mean tilt and yaw moments of the flexible-blade wind turbine are higher.
2) The load and angle of attack fluctuations of flexible blades are significant than those of rigid blades. Blade flapwise velocity amplifies the amplitude of angle of attack fluctuations, further increasing the load and power fluctuation amplitudes of the wind turbine. Torsional deflection also intensifies angle of attack fluctuations, though to a lesser extent.
3) After considering blade flexibility, the torsional deflection of the wind turbine blades reduces the effective angle of attack, leading to decreased blade loads. The closer to the blade tip, the more significant the impact of torsional deflection on the angle of attack.
4) As the yaw angle increases, the mean power of the wind turbine gradually decreases while the fluctuation amplitude increases. The mean value and fluctuation amplitudes of tilt and yaw moments increase, and the fluctuation amplitude of flapwise velocity and torsional deflection also grows. This leads to an increasing fluctuation amplitude of angle of attack, while its mean value gradually decreases.
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